Introduction
Physical activity has been shown to be consistently associated with reduced risk of premature mortality [1] and cardiovascular disease (CVD) [2] . Public-health recommendations on participation in regular moderateto-vigorous intensity physical activity (sometimes referred to as 'health-enhancing exercise') have been widely promulgated, with the aim of reducing cardiovascular disease, type 2 diabetes, and some cancers [3] . US Federal Guidelines recommend at least 30 min of moderate-intensity physical activity on at least 5 days of the week, in addition to the light-intensity activities of daily living, which is referred to as 'baseline activity' and includes activities such as standing, walking slowly, and lifting lightweight objects [4] . Changes in personal transportation, communication, workplace, and domestic entertainment technologies have been associated with significantly reduced demands to be active [5, 6] . Much of the reduction in activity can be attributed to exposure to environments that demand or encourage prolonged sitting.
Sedentary behaviors (typically in the contexts of television viewing, computer and game-console use, workplace sitting, and time spent in automobiles) are a new focus for research in the physical activity and health field [7] [8] [9] [10] [11] . Put simply, the distinction is too little exercise vs. too much sitting. Sedentary behaviors (from the Latin sedere -'to sit') include sitting during commuting, in the workplace and domestic environment, and during leisure time. Sedentary behaviors are defined by both their posture (sitting or reclining) and their low energy expenditure -typically in the range of 1.0-1.5 METs (metabolic equivalent of task; multiples of the basal metabolic rate) [12] . In contrast, moderate-to-vigorous physical activity (or 'exercise'), such as brisk walking or running, involves an energy expenditure of some 3-8 METs [12] .
Purpose of review
Prolonged sitting (sedentary behavior) has deleterious cardiovascular and metabolic correlates; however, little is known about the associations of too much sitting with allcause and cardiovascular mortality risk. In addition to the adverse effects of total sitting time, the manner in which it is accumulated has also been postulated to be important for cardiovascular health.
Recent findings
We describe recent evidence from several research papers published in the last 12-18 months, showing deleterious relationships of sedentary behavior with mortality outcomes. We also explore emerging findings on breaking up sedentary time and its potential beneficial impact on cardiovascular health. Summary Consistent independent associations have been observed between sitting time/ sedentary behaviors and elevated all-cause and cardiovascular disease mortality risk. Generally, these associations have persisted following adjustment for physical activity. Furthermore, total sedentary time (measured objectively via accelerometer) is detrimentally associated with several cardiovascular risk factors, whereas breaking up sedentary time (independent of total sedentary time and moderate-to-vigorous intensity activity) is beneficially associated. This evidence provides further support to the importance of avoiding prolonged, uninterrupted periods of sitting time for cardiovascular health. However, further evidence from intervention trials is required to establish the causal pathways. Over the past 10 years, there has been rapid accumulation of evidence to indicate that time spent in sedentary behaviors is an independent risk factor for several health outcomes and indicators of cardiovascular risk. These include abnormal glucose tolerance [13] , metabolic syndrome [14] [15] [16] , type 2 diabetes [17, 18] , some cancers [19, 20] , and cardiovascular risk factors, particularly obesity, 2-h glucose, and lipids [21, 22, 23 ,24 , [25] [26] [27] [28] [29] [30] . Importantly, in many of these studies, the associations of sedentary behavior with these adverse cardiometabolic outcomes have been shown to be independent of moderate-to-vigorous physical activity -the focus of mainstream recommendations for reducing cardiovascular risk. The emergence of this new evidence has prompted calls for reductions in sitting time to be more widely promoted, in addition to regular physical activity participation [8, 10] .
Keywords
We synthesize the evidence from several articles that have been published in the last 12-18 months showing relationships of sedentary behavior with mortality outcomes. Furthermore, we explore within these studies whether time spent in physical activity can moderate these relationships; that is, if we sit too much, can we offset the risk by doing more moderate-to-vigorous physical activity? We also explore the emerging findings regarding breaking up sedentary time and its potential beneficial impact on cardiovascular health as well as addressing the impact of television viewing time on life expectancy.
Sedentary behavior and mortality
Over the past 2 years, six separate studies have reported on the prospective relationships with mortality of selfreported sitting time [31, 32 ] , television viewing time and other screen-time behaviors [33 -35 ] , and television viewing time and other sedentary behaviors [36 ] . Table 1 presents a summary of findings from the six studies according to associations reported for all-cause, cardiovascular disease (CVD)-related, and cancer-related mortality.
Of the two studies to report prospective associations for self-reported sitting time, one involving Canadian adults specifically examined sitting time across the whole day [31] by asking participants to categorize the amount of time they spent sitting during the course of most days of the week as either almost none of the time, approximately one-fourth of the time, approximately half of the time, approximately three-fourths of the time, or almost all of the time. Another study of older US adults measured only leisure time sitting (e.g., watching television, reading, etc.) using the question: 'During the past year, on an average day (not counting time spent at your job), how many hours per day did you spend sitting (watching television, reading, etc.) [32 ] ?' Consistently, higher levels of both overall and leisure time sitting were shown to be associated with an increase in all-cause and CVD-related mortality risk in both men and women following adjustment for potential confounders [31, 32 ]. When leisure time sitting was assessed, the relative risk for mortality was stronger for women than for men (for 6 vs. <3 h/day). Furthermore, stratifying by sex, age, and smoking status [31] as well as BMI [31, 32 ] did not attenuate the observed associations. Although no significant association was observed for cancer-related mortality and overall sitting time [31] , leisure time sitting was shown to be associated with cancer-related mortality (in women only) after adjustment for physical activity and BMI [32 ] .
In Scottish adults (35 years), higher levels of television viewing and other screen-based entertainment (including watching videos and/or using a computer, playing video games) were associated with a 48% increased risk of allcause mortality (<2 vs. 4 h/day) and a 125% increased risk of a fatal or nonfatal CVD event (<2 vs. 2 h/day), following adjustment for potential confounders including physical activity and BMI [33 ] .
Findings from two studies that exclusively examined the prospective relationship of television and/or video time with mortality [34 ,35 ] identified increased risk for allcause and CVD-related mortality with higher viewing time, independent of confounders including physical activity. Additional adjustment for waist circumference significantly attenuated the observed associations in one of the studies [35 ] , suggesting abdominal obesity may act as a mediator in the causal pathway from sedentary behavior to mortality risk.
In older men [36 ] , riding in a car and, to a lesser extent, a composite sedentary behavior measure (time spent riding a car and time spent watching television) were shown to be significantly associated with an increased risk of [38] . Similar reductions in life expectancy might be associated with watching about 1.9 and 1.6 h of television per day. Given that television viewing is such a common behavior, occupying a substantial portion of adults' leisure time, the effects on overall population health could, potentially, exceed those of lack of exercise, obesity, or tobacco use [39] .
Role of physical activity in associations of sedentary behavior with mortality
In addition to adjusting for measures of physical activity in multivariate analyses, the six recent mortality studies [31,32 -36 ] have examined the joint effect of physical activity and sedentary behavior on mortality risk. Three of the studies [31, 34 ,35 ] specifically used interaction terms in multivariate models to assess the relationship between physical activity and sedentary behavior on mortality risk; three of them stratified their analyses according to categories of physical activity [32 ,33 ,35 ].
Interaction tests revealed that leisure time [31, 34 ] and total weekly physical activity [35 ] did not significantly modify the reported associations between sedentary behavior and mortality risk. However, stratifying by categories of physical activity showed mixed findings. Two of the studies found no attenuation in the associations for categories of sedentary behavior and risk of mortality [32 ,33 ] . As shown in Fig. 1 , multivariateadjusted rate ratios for leisure time spent sitting and allcause mortality risk were significant across all categories of physical activity (as defined by MET-hours/week) for both men and women. The results from the study by Patel et al. [32 ] clearly highlight an independent effect of sitting time on mortality risk in the presence of high levels of physical activity.
Warren et al. [36 ] concluded that physical activity may play a protective role in the relationship between sedentary behaviors and CVD mortality risk in older men. When stratifying by two categories of self-reported physical activity status (active or inactive), CVD mortality risk was shown to be significantly associated with time spent riding in a car or a composite measure (time spent riding in a car and television viewing time) in physically inactive men but not in physically active men. Further studies are warranted to confirm the authors' finding that a 'sufficient level' of physical activity affords protection against mortality risk in the presence of high levels of sedentary behavior.
Summary of mortality findings
Findings from the six recent studies indicate time spent in sedentary behavior may be independently associated with increased risk for all-cause and CVD-related mortality in both men and women [31,32 -36 ] . Importantly, associations with mortality risk do not appear to be mediated by two important confounders: body mass and time spent in physical activity.
Although all six studies utilized large cohorts (n > 7700) with sufficient follow-up duration (range 6.6-21 years), a major limitation is their reliance on self-reported measures of sedentary behavior. It is widely accepted that self-report measures can lead to potentially erroneous reporting of levels of physical activity. Future prospective cohort studies that employ the use of device-measured sedentary time are warranted; they will allow more definitive inferences to be drawn on the unique linkage between prolonged sitting and mortality risk. Another potential limitation of the existing studies is that residual confounding involving other influential factors not assessed in these studies cannot be discounted. Furthermore, although all studies included a self-report measure of time spent in physical activity, four [31,32 ,35 ,36 ] of the six studies used dichotomized or collapsed categories to control for physical activity in multivariate analyses, rather than using a continuous measure.
'Breaking up' sedentary time may be beneficial for reducing cardiovascular risk factors
As noted above, findings of the deleterious associations of sedentary behavior with cardiovascular risk factors are derived mainly from studies using self-report measures, particularly for television viewing time [22,23 ,40-42] . The development of devices for the measurement of physical activity has provided researchers with sophisticated tools to more accurately measure the entire range of activity, from sedentary to very vigorous behavior, in free living subjects over a number of days. The most commonly used device-based measure in population studies to date has been the accelerometer. These are small electronic devices, about the size of a matchbox, that are worn on the hip, from which large amounts of data on movement across the entire waking day can be downloaded for analysis by computer.
Initial cross-sectional studies [43, 44] in adults who have used accelerometers have shown that device-measured sedentary time is deleteriously associated with a number of cardiovascular risk factors, including waist circumference, blood glucose, insulin, and triglycerides. Generally, these findings have been shown to be independent of moderate-to-vigorous intensity physical activity.
An intriguing finding arising from the use of accelerometers was that adults who interrupted their sedentary time more frequently (breaks in sedentary time) had a better cardiometabolic profile than those whose sedentary time was mostly uninterrupted [44] . The beneficial associations were independent of total sedentary time and time spent in moderate-to-vigorous intensity physical activity. Another study published in 2011 has further explored this in a large, ethnically diverse sample of US adults [45 ] . In cross-sectional analyses involving 4757 participants aged 20 years and over who took part in the National Health and Nutrition Examination Survey (NHANES) between 2003 and 2006, an Actigraph Figure 1 Combined multivariate-adjusted rate ratios for leisure time spent sitting and physical activity in relation to all-cause mortality in men and in women in the Cancer Prevention Study II Nutrition Cohort, 1993-2006 (a) Multivariate-adjusted rate ratios for all-cause mortality in men. (b) Multivariate-adjusted rate ratios for all-cause mortality in women. Reproduced from [32 ] .
accelerometer was used to derive either sedentary (<100 counts/min), light-intensity activity (100-1951 counts/min), or moderate-to-vigorous physical activity (exercise, 1952 counts/min; the latter being the intensity level recommended for health in current physical activity guidelines. Interruptions in sedentary time or a transition from sedentary (<100 counts/min) to an active state (100 counts/min) was considered a 'break'. The number of 'breaks' was summed over valid days. Figure 2 provides a summary of findings observed for total sedentary time and breaks in sedentary time: larger waist circumference, reductions in high-density lipoprotein (HDL) cholesterol, and elevations in both C-reactive protein and triglycerides. For length of sedentary time, the most clinically significant, beneficial findings were for blood lipids and markers of insulin resistance. Additionally, significant beneficial associations of breaking up sedentary time were observed for waist circumference and C-reactive protein, independent of overall sedentary time. For breaks in sedentary time, the most significant differences were observed for waist circumference. The 25% who took the most breaks had, on an average, a 4.1 cm smaller waist circumference compared with those in the lowest 25% of the 'break' distribution. In general, these associations were consistent across sex, age, and race/ethnicity subgroups.
Pursuing prolonged sitting as a distinct cardiovascular risk factor
The highest priority for the sedentary behavior research agenda is to gather additional evidence from prospective studies, and, importantly, new evidence from human experimental work and intervention trials. An historical nuance is to be found in the classic early epidemiologic studies by Jeremy Morris, who described a higher incidence of coronary heart disease among the drivers of London's double-decker buses compared with the more physically active conductors [46] . These findings, primarily about a group that sat for the working day, served to catalyze the many experimental and interventional studies that have been published over the past seven decades and have underpinned current physical activity guidelines [3] .
Understanding the biological plausibility of the associations observed between prolonged sitting and adverse health outcomes will be a key factor in strengthening the causality inference. In simple terms, sitting induces substantial deactivation of the large postural muscles of the legs and back, significantly reducing muscle contractions [47] . Research from animal studies [47] [48] [49] [50] has suggested that fewer muscular contractions may result in reduced lipoprotein lipase activity and clearance of blood fats and blood sugars and less insulin secretion.
Conclusion
At present, no definitive recommendations for how long people should sit or how frequently people should interrupt their sitting time exist -more experimental evidence and intervention studies are needed to shape their development. At present, general advice should be to encourage people to limit their sitting time while at home, at work, and during transportation (e.g., see Table 2 ), and to break up prolonged periods of sitting through frequent transitions from sitting to standing/ ambulating throughout the day -put simply, 'stand up, sit less, move more, more often'. A prospective, population-based cohort study (AusDiab) of Australian adults (25 years) that examined for the first time cross-sectional associations between self-reported sitting and television viewing time with continuous measures of metabolic health. Authors reported that, for both women and men (n ¼ 4864), self-reported sitting time was detrimentally associated with waist circumference, BMI, SBP, fasting triglycerides, HDL cholesterol, 2-h postload plasma glucose, and fasting insulin (all P < 0.05), but not with fasting plasma glucose and DBP (men only). Television viewing time was shown to be detrimentally associated with all metabolic markers in women and all except HDL cholesterol and BP in men. Adjustment for central adiposity resulted in more consistent associations with sitting time than television viewing time. A prospective, population-based cohort study (AusDiab) of Australian adults (25 years) that examined for the first time whether increased television time was associated with deleterious changes in cardiometabolic biomarkers. Increased television viewing time over 5 years (10 h/week unit) was associated with increases in waist circumference for both men and women (n ¼ 3846) and DBP and clustered cardiometabolic risk score (in women only, n ¼ 2143). The associations were independent of television viewing time (at baseline) and physical activity (both at baseline and change over 5 years) and other potential confounders.
